Endocytosis is the process by which substrates enter a cell without passing through the plasma membrane but rather invaginate the cell membrane and form intracellular vesicles. Rab7 regulates endocytic trafficking between early and late endosomes and between late endosomes and lysosomes. LeRab7 in Lentinula edodes is strongly homologous to Rab7 in Homo sapiens. Receptors for activated C kinase-1 (LeRACK1) and Rab5 GTPase (LeRAB5) were isolated as interacting partners of LeRab7, and the interactions were confirmed by in vivo and in vitro protein interaction assays. The three genes showed differential expression in the various developmental stages of the mushroom. In situ hybridization showed that the three transcripts were localized in regions of active growth, such as the outer region of trama cells, and the subhymenium of the hymenophore of mature fruiting bodies and the prehymenophore of young fruiting bodies. The existence of endocytosis in the mycelium and hymenophores was confirmed by the internalization of FM4-64. LeRAB7 was partially colocalized with the AM4-64 and was located in the late endocytic pathway. This is the first report of the presence of endocytosis in homobasidiomycetes. LeRAB7, LeRAB5, and LeRACK1 may contribute to the growth of L. edodes and cell differentiation in hymenophores.
Homobasidiomycetes differentiate dramatically during their development from mycelium stage to fruiting body, in which basidiospores are produced for reproduction. The homobasidiomycete Lentinula edodes (Shiitake) is one of the most popular edible mushrooms. An understanding of the molecular mechanism that controls the initiation and maturation of the fruiting body will thus be invaluable for the cultivation of L. edodes.
Endocytosis is a biological process by which substrates enter a cell through the invagination of the cell membrane and the formation of intracellular vesicles, all of which takes place without passage through the plasma membrane. In eukaryotic cells, it is an essential process in the recycling or removal of membrane proteins and lipids, the transport of proteins and lipids into cells for degradation and the uptake of signal molecules (34) . Other cellular activities are also mediated by endocytic mechanisms, including the uptake of extracellular nutrients, the regulation of cell surface receptor expression, the maintenance of cell polarity, and the presentation of antigens (34) . The process of endocytosis involves complex and tightly regulated steps in membrane trafficking and fusion. Fusion specificity is controlled by several protein factors, including Rabs, SNAP receptors, and tethering proteins (47) . The mechanism of endocytosis in plants and animals has been extensively studied (34) , and evidence for endocytosis has been found in budding yeasts (18) and filamentous fungi, such as Aspergillus nidulans (45) , Neurospora crassa (16) , and Ustilago maydis (14) . The cellular slime mold Dictyostelium also feeds through an endocytic pathway (31) .
The family of 60 Rab GTPases constitutes the largest and most diverse group of Ras-like small G proteins (68) . They control a variety of important cellular processes, such as endocytosis, exocytosis, and vesicular trafficking, probably by assembling the general tethering, docking, and fusion machinery (63) . Rab GTPases are anchored to the cytoplasmic face of intracellular compartments via a geranyl-geranyl group in the lipid bilayer, and such interactions are important for their proper functioning (49) . Rabs are also involved in the actinand microtubule-based transportation of cellular cargo (40, 46) . The early stage of endocytosis involves the budding of vesicles from the plasma membrane and their fusion with early endosomes. A number of proteins that function in early endosomes have been isolated (59, 62) , but relatively little is known about the process of lysosomal fusion. Rab7, which is a gene identified in Homo sapiens, controls the late stages of endocytosis, including early to late endosomal fusion and transport between late endosomes and lysosomes (6) . It also plays a role in vacuolar biogenesis and the targeting of proteins to the vacuole (42) . Rab7 appears to be conserved across species, and many of its homologues have been found in both plants (22) and fungi (42, 66) . Recently, several interacting partners of Rab7 have been isolated, such as RILP (for Rab-interacting lysosomal protein) (7), Rabring 7 (36) , and ORP-1L [for oxysterol-binding protein-related protein-1L] (25) . These interacting proteins have different binding domains from Rab7, and their overexpression has different effects on membrane trafficking. The effectors of Rab7 indicate that it should have multiple interacting partners.
In the present study, an endocytosis-related gene, LeRab7, and its interacting partners, LeRab5 and LeRACK1, were isolated in L. edodes. The temporal and spatial expressions of these genes during fruiting body formation were studied. LeRab7 and LeRACK1 were expressed most strongly in the primordium, whereas LeRab5 was transcribed at similar levels throughout the various developmental stages. All three transcripts were localized in the active growth regions of fruiting bodies, where morphological differentiation and the divergence of specific cell types occur. Through the use of the endocytic dye FM4-64, the present study also shows endocytosis to occur in the mycelium and gill tissue of mature fruiting bodies. Treatment with different drugs revealed the internalization of the dye to be effected through endocytosis, and immunolabeling showed LeRAB7 to be colocalized with the internalized dye, which indicates that the protein is part of the endocytic pathway in mushrooms. As in yeasts, plants, and animals (8, 26, 32, 53) , the mycelium of L. edodes is sensitive to brefeldin A (BFA) and wortmannin. Treatment with the two drugs followed by immunolabeling showed that LeRAB7 is probably located in the late endosomes and fungal vacuoles.
Quantitative real-time RT-PCR. One microgram of total RNA form the mycelium, primordium, young fruiting body, mature fruiting body, and gill tissue before and after sporulation (a total of six stages) was used for the real-time PCR. The RNA samples were first treated with DNase I and EDTA (Invitrogen) and then transcribed into cDNA by using TaqMan reverse transcription reagents (Applied Biosystems) according to the manufacturer's protocol. The primers used for the real-time PCR were determined by using Primer Express software (Applied Biosystems) and checked to ensure the avoidance of primer-dimer formation by using OLIGO software (version 4.0; National Biosciences). Realtime PCR was performed with a ABI Prism 7700 sequence detection system (Applied Biosystems). Two microliters of 10-fold-diluted cDNA product and 0.3 l of each of the 10-M gene-specific primers were used in a 20-l PCR with a PCR SYBR green master mix (Applied Biosystems) according to the manufacturer's protocol. Each reaction was performed in duplicate, and a no-templecontrol was prepared for each pair of primers. LePma was used as the housekeeping gene for normalization. The primer sequences were as follows: LePma forward primer (5Ј-TGTGTACCCCAGCTCATTTCCT-3Ј) and reverse primer (5Ј-CGATGTTCCAAACCCAGACAAT-3Ј), LeRab7 forward primer (5Ј-AGC GGTGTCGGAAAGACATCT-3Ј) and reverse primer (5Ј-CCCAAAGCTGCA TCGTAACAA-3Ј), LeRab5 forward primer (5Ј-GCCGACCCCTCAATAGTG ATT-3Ј) and reverse primer (5Ј-CATCAGTCCTTCTTCCTCAGCA-3Ј), and LeRACK1 forward primer (5Ј-TCCATTGCATGGTCTGCTGA-3Ј) and reverse primer (5Ј-GAACCTGCCTACACACGTCAAA-3Ј). Melting-curve analysis was performed after each run by using SDS1.91 software to ensure that the specific reactions occurred. The experiments were carried out for at least three independent biological samples. The results from the different RNA lots were subjected to an analysis of variance to verify the statistical significance between the samples.
In situ RNA-RNA hybridization. Young and mature fruiting bodies of L. edodes were fixed with Bouin's solution at 4°C overnight and then immersed in 70% diethyl pyrocarbonate-ethanol at 4°C for 2 days. The fruiting bodies were dehydrated with diethyl pyrocarbonate-ethanol series and embedded in paraffin. Longitudinal 8-m ultrathin cryosections were mounted onto slides that were precoated with poly-L-lysine. The full-length cDNA sequence of LeRab7, LeRab5, and LeRACK1 were cloned into the TA TOPO cloning vector (Invitrogen) for the synthesis of the RNA probes. Sense (control) and antisense RNA probes were prepared by in vitro transcription with digoxigenin-UTP by T7 and T3 RNA polymerase, respectively (Roche Diagnostics). The procedures for the in situ hybridization were those described by So et al. (54) . The color-developed sections were mounted in distilled water and viewed with a Nikon microscope Microphot-FX. The images were captured with a Nikon DXM 1200 digital camera and analyzed with Nikon ACT-1 software version 2.12.
Tracing the endocytic pathway with FM4-64 dye. Mycelial cells and gill tissue of L. edodes were used for the FM dye internalization. The mycelium of the dikaryotic L. edodes strain L54 was grown in potato dextrose broth in 25°C as a liquid culture. The broth was used as the incubating and washing medium in the subsequent steps. Five hundred microliters of mycelium culture was placed in ice for 10 min to lower its metabolic activity, and gill tissue from a mature fruiting body was thinned with a razor blade before similarly being incubated in ice. The samples were put into an ice-cold medium that contained 12 M FM4-64 (Molecular Probes) for 8 min, washed four times with the medium, and transferred to a fresh medium at 25°C. Samples were collected at various time points (0, 20, 40, 60, and 120 min) for microscopic observation, which was carried out immediately after harvesting. All of the confocal fluorescence images were collected with a Bio-Rad Radiance 2100 system with a ϫ60 or ϫ100 objective oil lens. The filter set for the FM4-64 had an excitation wavelength of 543 nm and used an HQ660LP emission filter. Images were processed by using Adobe Photoshop software as described previously.
Effects of drug treatment on the internalization of FM4-64 dye. To illustrate the nature of the internalization of the FM4-64 dye, drugs with different metabolic inhibitions of 30 mM sodium azide plus 30 mM sodium fluoride (Sigma) were used. In two other experiments, cytochalasin D at 20 M (from a dimethyl sulfoxide stock) and benomyl at 3 or 6 g/ml were applied. The drugs were added at 25°C 1 h before loading with the FM4-64 dye. The same concentration of drugs was added to all culture media and washing solutions. The procedures that followed were the same as those already described.
Characterization of the LeRAB7 antiserum. A synthetic peptide that corresponded to N-terminal 15 amino acids (5Ј-YVNKRFSNQYKATIG-3Ј) of LeRab7 was used as an antigen to immunize rabbits for the production of LeRAB7 polyclonal antiserum (Genemed Synthesis). Two microliters of total protein extracts from a mature fruiting body and in vitro-translated LeRAB7 were subjected to SDS-PAGE analysis and Western blotting to characterize the VOL. 6, 2007 ENDOCYTOSIS IN THE SHIITAKE MUSHROOM L. EDODESLeRAB7 antibody. Preimmune serum was used as a negative control to show the specificity of the antibody. Immunofluorescence staining. Mycelium cultured in potato dextrose broth was fixed in 4.5% paraformaldehyde in sodium phosphate-EGTA buffer (50 mM sodium phosphate buffer [pH 7.0], 5 mM EGTA, 0.02% sodium azide) at 25°C for 30 min. The fixed cells were incubated in 1% cellulase Onozuka R-10 (Yakult Honsha) in sodium phosphate buffer at 25°C for 30 min and washed twice with sodium phosphate-EGTA buffer. After incubation with 0.05% Triton X-100 in sodium phosphate-EGTA buffer at 25°C for 3 min, the cells were washed twice with 1% bovine serum albumin in 1ϫ phosphate-buffered saline and incubated for 30 min to block nonspecific binding. The primary antibody (anti-LeRAB7 antiserum) was incubated in 0.25% bovine serum albumin, 0.25% gelatin, 0.05% NP-40, and 0.02% sodium azide in 1ϫ phosphate-buffered saline buffer (blocking buffer 2) with the permeabilized cells at 4°C overnight. After being washed with the same buffer three times, the cells were further incubated with Alexa Fluor 488-conjugated anti-rabbit immunoglobulin G secondary antibody (Molecular Probes) in blocking buffer 2 at 25°C for 1 h. After three more washes with the same buffer, the cells were mounted on the slides and observed with a confocal laser-scanning microscope. The filter set for the Alexa Fluor 488 had an excitation wavelength of 488 nm and comprised a 560DCLPXR dichroic mirror and an HQ545/40 emission filter, and the set for the AM4-64 had an excitation wavelength of 543 nm and used an HQ660LP emission filter.
Effects of BFA and wortmannin on FM dye internalization and labeling of LeRAB7. In this test, 17.5 M BFA and 16.5 M wortmannin were used as the drug concentrations. The two chemicals were added at 25°C 2 h before loading with FM4-64 dye. The same concentration of chemicals was added to all culture media and washing solutions. The procedures that followed were the same as those used to trace the endocytic pathway with FM4-64 dye.
In other experiments, mycelial cells were added to 17.5 M BFA and 16.5 M wortmannin 2 h before incubation with AM4-64. The cells were then labeled with LeRAB7. The subsequent steps were the same as those used in the immunofluorescence staining.
RESULTS

Isolation of LeRab7.
Fruiting in L. edodes is the process of development from mycelium to fruiting body. The molecular mechanism that underlies this process is still poorly understood. To isolate genes for more extensive studies, a collection of ESTs from a cDNA library of primordia of L. edodes strain L54 was established. Random clones were partially sequenced from their 3Ј ends, and homologous sequences were searched for in GenBank. Among these ESTs, the cDNA clone PEL0339 had a strong homology with Rab7 in Homo sapiens (78% identity, P ϭ 3e-88). A complete mRNA sequence of the cDNA clone was obtained by primer walking. The complete coding sequence was 817 bp long and encoded a protein of 226 amino acid residues with a molecular mass of 25.6 kDa (39). The gene was named LeRab7 (accession no. AF407337).
In vivo protein interaction assay: yeast two-hybrid analysis. Yeast two-hybrid analysis was used to isolate the interacting proteins of LeRAB7. A translational fusion of c-myc tag and full-length LeRab7 was cloned into the yeast expression vector pGBKT7 (Promega) and used as the bait protein to screen the mating library of L. edodes primordial cDNA for potential interacting partners. The expression of c-myc-LeRAB7 fusion protein was confirmed by Western blot analysis of the total protein extracts of the yeast using anti-c-myc monoclonal antibody (data not shown). There were about 4 ϫ 10 4 transformants growing on the SD/ϪTrpϪLeuϪHis (TDO) and SD/ ϪTrpϪLeuϪHisϪAde (QDO) media. A total of 420 clones on the QDO plates had inserts larger than 800 bp in the PCR screening, and 143 clones generated a positive result in the ␤-galactosidase filter assay. The primordial cDNA clones were sequenced and searched with BLASTX. Ten clones were selected based on their strong sequence similarities with known genes with low P values (P Յ 1e-18) and correct reading frames of translated sequences. To eliminate false positives, the plasmids carrying the potential interacting primordial cDNA were isolated from their yeast hosts and cotransformed into yeast strain AH109 together with the bait plasmid (LeRab7-pGBKT7). The yeast cells were grown on QDO plates, and the interactions were again confirmed by ␤-galactosidase filter assay (data not shown).
Two clones were isolated as interacting partners of LeRAB7. One clone had a sequence identity of 1,056 bp to L. edodes guanine nucleotide-binding protein beta subunit 1 (accession no. AF407335) and encoded a protein of 312 amino acid residues with a molecular mass of 34 kDa. It also had a 74% identity with the amino acid sequence of RACK1 (a receptor for activated C kinase-1) of the fungus Paracoccidiodes brasiliensis. RACK1 belongs to a family of proteins that contain different numbers of structural Trp-Asp (WD) repeats, and itself contains the seven consecutive amino acids 41 to 48 with long WD repeats (51). The isolated gene was named LeRACK1. Another clone encoded part of the Ypt5 of Schizosaccharomyces pombe, which is a homologue of Rab5 in Homo sapiens. This clone was 730 bp long and contained only the 3Ј portion of the coding sequence, the 3Ј untranslated region, and the poly (A) tail. About 150-bp of the 5Ј portion of the gene and the ATG start codon were obtained by 5Ј RACE. The full-length 891-bp coding sequence of LeRab5 was deposited in the GenBank database (accession no. EF672053). It is predicted to encode a protein with 208 amino acid residues and an expected molecular mass of 22.8 kDa.
In vitro protein interaction assay: in vitro Co-IP. Co-IP was used to confirm the protein interactions in vitro. The fulllength sequence of LeRab5 was cloned from the total cDNA of the primordium stage and was ligated to the pGADT7 vector. Both pGADT7 and pGADT7-Rec were conjugated with a hemagglutinin (HA) tag, and pGBKT7 was conjugated with a c-myc tag. LeRab7-pGBKT7, LeRab5-pGADT7, and LeRack1-pGADT7-Rec were translated in vitro by using a TNT T7 polymerase-coupled reticulocyte lysate system (Promega). The in vitro-translated LeRAB7 ( were visualized by chemiluminiscent detection. Before the initiation of the Co-IP experiments, LeRAB7 and LeRAB5 were preincubated with 100 M GTP to saturate the protein nucleotide binding sites with GTP. Immunoprecipitation was then performed to confirm the specificity of the c-myc and HA antibodies to different in vitro-translated proteins (Fig. 1C) . In each lane in Fig. 1C , the in vitro-translated LeRAB7, LeRAB5, LeRACK1, and GTP were added with either the c-myc or HA antibody, as indicated in the figure. The three in vitro-translated proteins could only be immunoprecipitated by the antibody specific to the conjugated tag, whereas GTP was not pulled out by either antibody. The in vitro interaction of LeRAB7 and LeRAB5 is shown in Fig. 1A . LeRAB7 was simultaneously pulled out with LeRAB5 by the c-myc antibody (Fig. 1A, lane 1) , but only when the LeRAB7 and LeRAB5 were preincubated with GTP (Fig. 1A, lane 2) . Similarly, a GTP-dependent interaction between LeRAB7 and LeRACK1 was observed in vitro (Fig. 1B) . LeRAB7 was pulled out with LeRACK1 by the c-myc antibody. Co-IP of LeRAB7 and LeRACK1 only occurred in the presence of GTP-bound 2408 LEE ET AL. EUKARYOT. CELL LeRAB7 (Fig. 1B, lane 1) and did not take place in the absence of GTP preincubation (Fig. 1B, lane 2) . Temporal expression of the genes: Northern blotting and quantitative RT-PCR. The expression of LeRab7, LeRab5, and LeRack1 during fruiting body formation was analyzed by Northern blotting and quantitative RT-PCR. The expression levels of the three transcripts at the five stages of mycelium, primordium, young fruiting body, mature fruiting body, and gill tissue of mature fruiting body before sporulation were analyzed by Northern blotting. Digoxigenin-labeled cDNA probes that corresponded to the transcripts were hybridized with the total RNA blots (Fig. 2B) . Equal loadings of RNA samples from the different stages were monitored using similar intensities of 28S and 18S rRNA. The expression of LeRab7 (transcript size, ϳ0.7 kb) was the strongest in the primordium (Fig.  2B1) , whereas LeRACK1 (transcript size, ϳ1 kb) was most strongly expressed in both the primordium and the gill tissue (hymenophore) of the mature fruiting body before sporulation (Fig. 2B3) . In contrast, LeRab5 (transcript size, ϳ0.8 kb) was constitutively expressed from the primordium stage to the gill tissue stage, with relatively lower expression in the mycelium stage (Fig. 2B2) .
The results of the Northern blot analyses were validated by quantitative RT-PCR assays. LePma (plasma membrane ATPase), which has been previously shown to express constitutively during L. edodes development (30) , was used as a control transcript to normalize the expression signals of LeRab7, LeRab5, and LeRACK1. The expression levels in the six stages of mycelium, primordium, young fruiting body, mature fruiting body, and gill tissue of mature fruiting body before and after sporulation were investigated (Fig. 2A1 to A3 ). The expression trends of LeRab7, LeRab5, and LeRACK1 were comparable to those obtained in the Northern blot analyses (Fig. 2B1 to B3 ). For instance, the mRNA level of LeRab7 was highest in the primordium stage and was about fourfold that in the mycelium stage (Fig. 2A1) . Similar expression levels of LeRab5 were obtained in all six developmental stages (Fig.  2A2) , which is consistent with the Northern blot analysis (Fig.  2B2) . The expression of LeRACK1 in the primordium stage was about 10-fold higher than in the mycelium stage (Fig. 2A3 ) but remained low in the gill tissue stage, which deviates from the results of the Northern blot analysis, which showed elevated expression in both the primordium and gill tissue stages (Fig. 2A3) .
Spatial expression of genes: in situ RNA-RNA hybridization. In situ RNA-RNA hybridization was used to localize the mRNA of LeRab7, LeRab5, and LeRACK1 in the fruiting body of L. edodes. These transcripts were found to be located mainly in the gill tissue and prestructure (prehymenophore) of the fruiting bodies. The hymenophore (gill tissue) is composed of the trama (the inner part of the gill tissue), the subhymenium (the middle layer), and the hymenium (the outermost layer) (27) . Trama cells occupy most of the gill tissue and are able to differentiate into subhymenium, which forms the basis for hymenium formation. Basidia with basidiospores are formed in the hymenium (27) . Fixed longitudinal ultrathin sections of young and mature fruiting bodies were hybridized with digoxigenin-labeled antisense RNA probes of LeRab7, LeRab5, and LeRACK1 to localize the transcripts. All three antisense probes showed specific distributions of the transcripts, whereas the sense probes gave no signals (Fig. 3) . In young fruiting bodies, transcripts of LeRab7, LeRab5, and LeRACK1 were localized in tooth-like structures in the prehymenophores (Fig.  3A, B, and C) . Prehymenophores, which are located in the 1 to 8) . The predicted products and their respective sizes are indicated by arrows. The in vitro-translated LeRAB7, LeRAB5, and LeRACK1 are shown in lanes 9, 10, and 11, respectively. GTP was not pulled out by the c-myc or the HA antibody. LeRAB7 was pulled out by the c-myc antibody, whereas LeRAB5 and LeRACK1 were pulled out the by HA antibody.
VOL. 6, 2007 ENDOCYTOSIS IN THE SHIITAKE MUSHROOM L. EDODES 2409 middle of the "eye" organs of young fruiting bodies, develop into hymenophores when mushrooms mature (41) . In mature fruiting bodies, transcripts of LeRab7, LeRab5, and LeRACK1 were localized in the outer region of the trama and the subhymenium of the hymenophores (Fig. 3D , E, and F). In addition, signals for the transcripts of LeRab7 and LeRab5 appeared at the tips of the hymenophores ( Fig. 3D and E) . Negative controls using sense probes for hybridization gave no signal in all of the samples (Fig. 3G to L) . Endocytosis occurs in the mycelium and hymenophores of L. edodes. To show that endocytosis occurs in L. edodes, the membrane-selective marker FM4-64 was used to demonstrate the endocytic internalization of the plasma membrane in the mycelium and mature fruiting body gill tissue. Before loading with FM4-64, the cells were incubated at 0°C for 10 min to lower their metabolic activity. The cells were then pulse loaded with FM4-64, and the internalization of the dye was immediately traced at 0-min time points. In the mycelial hyphae, the plasma membrane was stained, and tiny bright punctuated structures were observed on the inner surface of the membrane (Fig.  4A1) . The staining pattern was the same without the incubation of the cells at 0°C before the loading of the dye (data not shown). After 20 min, the bright punctuated structures developed in the mycelial cells (Fig. 4A2 ) and moved and vibrated along the cell length (data not shown). After 40 min, the internalized dye was found in two types of punctuated structures of different sizes. One type was similar in size to the structures observed at the 20-min time point, but most of the dye was retained in another type of large, vesicle-like structure (Fig. 4A3) . At both the 60-and the 120-min time points, the dye appeared in vacuole-like hollow organelles of various sizes (0.7 to 1 m) (Fig. 4A4) . At the 120-min time point, the fluorescence intensity of the vacuolar membranes was distinctly higher than that of the plasma membranes and the vacuoles were even larger, with diameters close to the width of the mycelial cells (ϳ2 m) (Fig. 4A5) . No further change in dye localization was observed after this time point, which suggests that it was the final stage of dye internalization.
Endocytosis also occurred in the hymenophore of the mature fruiting body, with thin longitudinal sections of hymenophore showing FM4-64 internalization. The hymenophores had three cell types when examined with a laser-scanning con- LeRACK1 . Equal amounts of total RNA were loaded and confirmed by equal intensities of rRNA before the gels were blotted. Myc, mycelium; Pri, primordium; YFB, young fruiting body; MFB, mature fruiting body; Gill1, gill tissue (hymenophore) before sporulation; Gill2, gill tissue after sporulation.
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LEE ET AL. EUKARYOT. CELL focal microscope. The hymenium at the outermost layer was small and dumbbell-shaped, the middle part was composed of long, large trama cells, and small rod-like subhymenium cells were present between these two layers (Fig. 4C1) . The plasma membranes of the three cell types in the gill tissue were stained, but dye internalization was observed in the form of fluorescent spots only in the hymenium (Fig. 4C2 ) and subhymenium (Fig. 4C3 ), but not in the trama cells (Fig. 4C4) .
Stronger labeling was observed in the subhymenium than in the hymenium.
Validation of the active transport of FM4-64. The effects of metabolic inhibitors, actin-depolymerizing compounds, and microtubule-depolymerizing compounds have been tested in filamentous fungi to demonstrate that intracellular membrane trafficking is energy dependent and relies on F-actin (45, 55, 67) . Here, similar approaches were applied to further show that FM4-64 is internalized by endocytosis in L. edodes. A mixture of sodium azide and sodium fluoride was applied to mycelium as metabolic inhibitors, which caused the internalization of FM4-64 to halt almost completely except for a few fluorescent spots in the cells (Fig. 5A ). This result suggests that the FM4-64 was internalized by active transport, which is an energy-dependent process. In the presence of cytochalasin D, an inhibitor of actin polymerization (15) , the plasma membrane was uniformly labeled, and although there were small fluorescent spots attached to the inner membrane, no motile punctuated structures were found moving inside the cells. In addition, the labeling of the punctuated and vacuolar structures within the cells was fully prevented (Fig. 5B) , which suggests that FM4-64 internalization depends on actin polymerization. In contrast, FM4-64 internalization was not affected by benomyl, which is a microtubule-depolymerizing agent (Fig. 5C) , with the pattern of labeling remaining the same as the null control even when the concentration of the drug was doubled (data not shown). In conclusion, the internalization of FM4-64-stained membrane in L. edodes depends on energy and F-actin but not on microtubules, which are the hallmarks of active transport through endocytosis.
Presence of LeRAB7 protein in the endosomal structures along the endocytic pathway. Anti-LeRAB7 immunolabeling and AM4-64 internalization were performed to show that LeRAB7 takes part in intracellular trafficking. Polyclonal antiLeRAB7 antiserum was used as the primary antibody. A synthetic peptide that corresponded to the N-terminal amino acid sequence of LeRAB7 was used as an antigen to immunize rabbits for the production of LeRAB7 polyclonal antiserum (anti-LeRAB7). The specificity of the antiserum was established through Western blot analysis. A single main band of 26 kDa from the mycelial total protein extract of L. edodes was detected (Fig. 6A, lane 1) . The molecular mass of the band agreed with that of the c-myc-tagged LeRAB7 protein produced from the in vitro translation (Fig. 6A, lane 2) . The preimmune serum did not detect any protein bands from these protein extracts (data not shown). 
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AM4-64 (Biotium) is spectrally identical to FM4-64 and has an additional amine group at the hydrophilic end to make it fixable for immunolabeling. The experiment with this dye was similar to that with the FM dye. The mycelial cells were incubated with 12 M AM4-64, fixed with 4.5% paraformaldehyde at two time points (30 and 60 min), and immunolabeled with anti-LeRAB7. In the 30-and 60-min trace periods, the AM4-64-labeled structures (circular spot-like compartments) colocalized with LeRAB7. The extent of this colocalization was greater at the 60-min time point (Fig. 6C) than at the 30-min time point (Fig. 6B) . In addition to the spot-like structures, both LeRAB7 and AM4-64 labeled some apparently vacuolar structures, which were possibly late endosomes or fungal vacuoles (Fig. 6C) . The compartments that were labeled by antiLeRAB7 were identified by using BFA and wortmannin in experiments that are described below.
The endocytic pathway of L. edodes is sensitive to BFA and wortmannin. The effects of BFA and wortmannin were also tested. BFA inhibits the recycling of endosomes to the plasma membrane in plant cells (4, 21) and trafficking between the endoplasmic reticulum and Golgi bodies in animal cells (8) . FM4-64 has been found to accumulate in endosomal aggregates, which are known as BFA compartments, upon treatment of cells with BFA in plants (4, 43) .
The morphology of the structures in the endocytic pathway was altered after BFA treatment in mycelial cells of L. edodes. As with the control, only the plasma membrane was labeled at the 0-min time point (Fig. 7A1) . After 20 min of uptake, BFA 
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EUKARYOT. CELL at a concentration of 17.5 M stimulated the FM4-64-labeled structures to form aggregates. The average diameter of the aggregates was about ϳ1.5 m, which is larger than that of the punctuated structures (ϳ0.5 m) present in non-BFA-treated mycelial cells at the same time point (Fig. 7A2) . The aggregates were enlarged after an hour, and there was no staining of the vacuolar structures or hollow organelles, which were presumably late endosomes and fungal vacuoles (Fig. 7A3) . Similar results were obtained when 35 M BFA was used (data not shown).
The mycelial cells were also treated with wortmannin, which is a phosphatidylinositol 3-kinase inhibitor of endocytosis (10) and a trafficking receptor in animal cells (53) . It also inhibits protein sorting to vacuoles in plant cells (32) .
Wortmannin was added to mycelium at a concentration of 16.5 M before incubation with FM4-64. The dye stained the plasma membrane at 0 min (Fig. 7C1) . The drug then induced the vacuolation of the FM4-64-labeled structure. Small vacuoles, which were normally observed after 1 h of dye internalization, appeared after only 20 min (Fig. 7C2) , and the staining pattern was completely different from the punctuated pattern in the untreated cells. At the 1-h time point, the membrane of the unknown structures was uniformly labeled, and the structures were larger than the vacuoles as observed at the 30-min time point. These structures were evident throughout the mycelial cells and formed in clusters along them (Fig. 7C3) .
LeRAB7 did not colocalize with the BFA-and wortmannininduced compartments. Previous experiments have shown LeRAB7 to colocalize with AM4-64, with the extent of the colocalization increasing between the 30-and 60-min time points. To provide more evidence for the role of LeRAB7 in endocytosis, drug treatments were administered, followed by immunolabeling. BFA at a concentration of 17.5 M and wortmannin at a concentration of 16.5 M were incubated with mycelial cells, and the cells were then fixed and labeled with anti-LeRAB7. Highly fluorescent aggregates formed after the BFA treatment at the 60-min time point (Fig. 7E) , and LeRAB7 and AM4-64-labeled structures were observed. Little labeling of LeRAB7 was observed in the mycelial cells. In the wortmannin treatment, vacuolar compartments and their clusters appeared at the same time point, but these structures did not overlap with the LeRAB7 labels (Fig. 7F) .
DISCUSSION
The presence of endocytosis is widely accepted in animal, plant, and yeast systems (18, 34) . Its existence in fungi, however, is still contentious (50) . Relatively little is known about the endocytic pathway of filamentous fungi, especially the basidiomycetes. Recently, more evidence has been uncovered of the existence of endocytosis in N. crassa (12) , A. nidulans (45) , U. maydis (14) , and Magnaporthe grisea (2) . For example, membrane-selective endocytic markers (e.g., FM4-64) (2, 13) and markers of fluid-phase endocytosis (e.g., Lucifer yellow) (55) have been found to be internalized in a range of filamentous fungi through active transport and are known to be actin dependent. Moreover, the genome of N. crassa encodes a complex, endocytic protein machinery (50) .
Recently, a gene that encodes Rab7 was isolated in L. edodes. Rab7 plays a role in endosomal fusion and trafficking in late endocytosis (51) , and provides a handle for investigating the existence of endocytosis in L. edodes. Two interacting proteins of LeRAB7 were isolated in the present study. LeRab5 is highly similar to S. pombe Ypt5, which is a homologue of Rab5 that is involved in regulating the fusion of early endosomes (1, 52) . The other interacting partner was LeRACK1, which was initially identified as a guanine nucleotide-binding protein ␤ subunit (19) . RACK1 interacts with many cellular proteins and is involved in signal transduction and a multitude of other biological processes (33) .
Both the temporal and the spatial expression profiles of LeRab7 and its interacting partners were analyzed. LeRab7 and LeRACK1 was expressed most strongly in the primordium (Fig. 2A1 and B1 and Fig. 2A3 and 2B3 ). Primordium development is characterized by a high metabolic rate and a dramatic change in growth characteristics, including extensive hyphal-hyphal interaction and cellular differentiation (35) . The increased expression of LeRab7 may reflect a higher rate of late endocytosis, whereas LeRACK1 may be more involved in extensive cellular developmental processes (see below). LeRab5 was constitutively expressed in all of the developmental stages studied ( Fig. 2A2 and B2 ). In the early stage of endocytosis Rab5 acts as a hub, and its cargo may eventually be recycled back to the membrane and transported to the Golgi compartment for protein modification or to the vacuoles for degradation (52) . It is therefore reasonable that LeRab5 expresses at a similar level at all developmental stages.
All three transcripts were localized in the prehymenophores of young fruiting bodies and the outer regions of the trama and subhymenium of mature fruiting bodies, but not in the hymenium where the basidia and basidiospores are formed (Fig.  3A to F) . These observations imply that these three genes may function in the development of the hymenophore from the prehymenophore and the divergence of the trama into the subhymenium (27, 28, 41) . The results of the FM4-64 dye internalization in the specific cell types of the hymenophore (see below) indicate that it is likely that the two endocyterelated proteins LeRAB5 and LeRAB7 function in the cellular processes of the hymenophore in L. edodes and take part in endocytosis.
The mechanisms of the interaction between LeRAB7 and its two interacting proteins and the functions of the two protein cognates may be different. By participating in consecutive stages of the endocytic pathway, LeRAB5 and LeRAB7 may work together to control the endosomal trafficking of cargo proteins from the plasma membrane to their final destinations, such as the vacuole or Golgi. In mammalian cell lines, cargo that is destined for degradation, once it has joined a Rab5-positive early endosome, remains associated with the intermediary endosome where Rab7 accumulates. The endosome then loses its Rab5 and develops into late endosome, and the cargo is subject to lysosomal degradation (29) . The transient colocalization of LeRAB5 and LeRAB7 in the putative intermediary endosome may allow the occurrence of this interaction in L. edodes.
RACK1 is a receptor that was originally identified by its ability to bind to protein kinase C (37) . It is a scaffolding protein that inhibits endogenous functioning (64) . It has been suggested that RACK1 facilitates cell cycle progression, cell proliferation, cell transformation, cell division, and cell spread-VOL. 6, 2007 ENDOCYTOSIS IN THE SHIITAKE MUSHROOM L. EDODES 2415 ing (9, 23, 33) . It has been inferred that in L. edodes, LeRACK1 is transported to the cell through receptor-mediated endocytosis (48) , and Rab proteins have been shown to interact with its cargo receptor (59) . LeRACK1 may be carried by endosomes, and the interaction with LeRAB7 controls its fate inside the cell, either lysosomal degradation or the recycling of the receptor. Further investigations are needed to determine whether LeRACK1 colocalizes with the endocytic marker or the related proteins.
In the present study, FM4-64 dye, which is an endocytic marker, was shown to enter the mycelial cells and gill tissue of L. edodes through membrane internalization. During FM4-64 internalization, the sequential labeling of different structures that followed the initial labeling of the plasma membrane suggests that they are intermediates along the endocytic pathway of L. edodes (Fig. 4A1 to A5 ). The staining pattern was highly similar to that found in A. nidulans (45) and N. crassa (12) . The punctuated structures were probably early endosomes ( Fig.  4A2 and A3 ), as reported in A. nidulans and N. crassa hyphae, based on their similarity to the cytosolic punctuated structures found in S. cerevisiae (61) . Subsequently, vacuolar hollow organelles were labeled, and their number and size increased with time (Fig. 4A4) . The organelles may have been late endosomes that function during late endocytosis. The ϳ2-m vacuolar structures appeared at the final stage of FM dye internalization (Fig. 4A5) , may be formed by the homotypic fusion of endosomes (45, 47) , and are possibly one of the destinations on the endocytic pathway.
It is interesting that the hymenophores of the fruiting bodies of L. edodes are found to display endocytosis. Hymenophores consist of trama, subhymenium, and hymenium on which the basidia and basidiospores are formed (27) . Not all of these cell types underwent dye internalization, however: the labeling of the punctuated structures only occurred in the hymenium and subhymenium (Fig. 4C1, C2 , and C3). This is not surprising, because the hymenium, which mainly functions in basidiospore formation, diverges from the subhymenium. LeRab7 and LeRab5 were strongly expressed in the subhymenium and at the sides of the trama, which suggests that endocytosis takes place in specific types of cells in the hymenophore.
The dye internalization was dependent on energy and Factin, which provides strong evidence of the existence of endocytosis in L. edodes. FM4-64 is a styryl dye that is composed of a hydrophobic tail, a dicationic head, and a nucleus. This structure becomes an energetic barrier that directs substances across the plasma membrane through simple diffusion (12) . Metabolic inhibitors, sodium azide, and sodium fluoride blocked the dye internalization, leaving it to form punctuated structures on the inner side of the plasma membrane (Fig. 5A) , which suggests that FM4-64 internalization is an active and energy-dependent process. F-actin is known to be involved in endocytic internalization and other membrane trafficking functions (3). Cytochalasin D depolymerizes actin and prevents actin cytoskeleton formation but does not have a general disruptive effect on cells (55); rather, it causes a similar effect to metabolic inhibitors of preventing dye translocation (Fig. 5B) . Dye internalization, however, does not require a microtubule network, as was shown by the benomyl treatment (Fig. 5C ), which had no observable effect on the FM4-64 localization compared to the positive control (Fig. 4A3) . This result suggests that L. edodes, like other filamentous fungi, carries out endocytosis.
Rab7 plays a crucial role in controlling endosomal fusion during late endocytosis (62) . To prove that LeRAB7 has a similar function, AM4-64, which is a fixable form of FM4-64, was used to determine whether LeRAB7 protein was present in the endocytic pathway. A similar technique has been used in studies of other Rab GTPases (58) . As demonstrated in the double-staining experiment, the LeRAB7 protein partly colocalized with structures that were stained by the AM4-64 (Fig.  6B ). LeRAB7 overlapped with the punctuated structures and the vacuolar structures at the 60-min time point (Fig. 6C) , which indicates that LeRAB7 may only be present in certain compartments and probably resides in the late endosomes or vacuoles during late endocytosis. The use of other organelle markers may help to confirm this hypothesis.
Membrane traffic is displayed in yeasts and animals. In animal cells, BFA inhibits the action on GEF of ARF1, which leads to the breakdown of the Golgi. It also restricts vesicle budding events in the organelles (8) . BFA disrupts budding from endosomal compartments, blocks secretion based on recycling endosomes, and thus decreases the recycling of the dye to the plasma membrane (17) . The formation of aggregates in the mycelial cells after BFA treatment may be due to the accumulation of FM4-64 upon the inhibition of recycling and the inhibition of transport to the vacuoles (20) (Fig. 7A2 and  A3) . As a result, prevacuolar endosomal vesicles, such as early endosomes, accumulate or enlarge (43) . BFA treatment followed by the labeling of anti-LeRAB7 revealed the localization of LeRAB7 in the endocytic pathway. As discussed previously, BFA affects the trafficking of early endosomes and thus inhibits the recycling endosomes (11) . It also blocks the transport of proteins from early to late endosomes in yeast (24) . LeRAB7 did not colocalize with the aggregates formed after BFA treatment (Fig. 7E) , which shows that LeRAB7 is located in the compartments that formed after the early endosomes in the pathway, which were possibly late endosomes.
Wortmannin is an inhibitor of Vps34p (phosphatidylinositol 3-kinase) that is responsible for vacuolar protein sorting in yeasts (52) . It blocks the trafficking of vacuolar proteins in plant cells (32) and affects the late endocytic pathway in animal cells (5, 26) . In the mycelial cells, the membranes of unknown structures and their clusters were stained by using FM4-64 and treated with wortmannin ( Fig. 7C2 and C3 and C3 ). This staining pattern was unique in L. edodes, and these membranes and clusters were not colocalized with LeRAB7 (Fig. 7F) , which shows that these structures were not the same as the late endosomes or vacuoles present in the untreated control but may belong to other endosomal structures. The transport of substrates such as AM4-64 through these structures for the later stage of endocytosis was inhibited. These data provide evidence of the presence of wortmannin-and BFA-sensitive components in the endocytic pathway of L. edodes. However, the abnormal structures and the mechanisms by which the drugs act require characterization.
In the present study, an endocytic protein, LeRAB7, and its interacting partners, LeRAB5 and LeRACK1, were isolated. An examination of the temporal and spatial expression of these proteins shows that they may be responsible for the growth of fruiting bodies and cell differentiation in the gill tissue. FM4-64 2416 LEE ET AL. EUKARYOT. CELL was used as a marker to prove the existence of endocytosis in L. edodes and revealed that the process is energy dependent and relies on actin from the initiation of vesicle budding in the plasma membrane. As in animals and plants, LeRAB7 is located in the compartments at the later stages of the endocytic pathway, which are probably late endosomes and vacuoles. L. edodes has BFA-and wortmannin-sensitive components that cause the formation of different morphological structures. Thus far, this is the first report to show that endocytosis is present in the hymenophores of homobasidiomycetous mushroom. Future work will focus on the effects of LeRAB7 and its interacting proteins on the development of mushrooms. It may also be worthwhile to determine the presence of intermediary endosomes where LeRAB5 and LeRAB7 may colocalize and interact with each other.
